largest part of the water budget averaging about 94 percent of the monthly water budget for October 1980 through September 1995 when combined. This combined percentage is relatively constant, ranging from 91 percent during the high-flow period to about 101 percent during the extreme low-flow period. Upstream flow generally is the largest contributor to the water budget, and its relative contribution tends to increase during lower flow periods. The importance of tributary flow tends to increase as streamflow increases and may become insignificant during a drought. Streambed seepage generally is positive, indicating that the Republican River is typically a gaining stream. Streambed seepage typically increases in importance as streamflow decreases; however, during times of drought, it may become negative, indicating that the river is a losing stream. Evaporation from the Republican River, while commonly less than 1 percent of the water budget, can become important during periods of drought.
Components of streamflow that are more affected by human activity in the study area (reservoir releases, canal return flow, and surfacewater diversions) collectively were generally a small proportion of the water budget, averaging about 6 percent when combined for October 1980 through September 1995, and generally resulted in a small net increase in the amount of water in the budget. Individually, components that are more affected by human activity within the study area can become important, especially during
INTRODUCTION
In 1942, Kansas, Nebraska, and Colorado formed the Republican River Compact to allocate the available water in the Republican River Basin among the three States. Greatly increased water use, beginning in the 1950's, has caused concern by the State of Kansas regarding the compliance with the compact conditions by Nebraska, particularly during decreased flow conditions. This concern has generated a heightened interest in understanding the various components that contribute to Republican River streamflow from the Nebraska State line to Concordia, Kansas ( fig.l) , where a minimum desirable streamflow (MDS) has been established (Kansas law K.S. A. 82a-703a, 1984) . Also of concern is the need to ensure an adequate water supply in Milford Lake to fulfill the instream uses and industrial, municipal, and agricultural needs of downstream users. To help address these regional concerns and increase the knowledge of ground-and surface-water interaction in the Republican River Valley ( fig. 1 ), a 4-year (1994-97) study by the U.S. Geological Survey (USGS), in cooperation with the Kansas Water Office (KWO) and funded in part by the Kansas State Water Plan Fund, was designed to identify and quantify the interaction of the surface-and ground-water systems and their effects on streamflow in the Republican River in the study area, which includes the drainage basin of that part of the Republican River from near Hardy, Nebraska, to Concordia, Kansas ( fig. 1 ).
Background
Following the droughts and floods of the 1930's, the Bureau of Reclamation (BOR, U.S. Department of the Interior) and U.S. Army Corps of Engineers began construction of a series of dams and surface-water irrigation networks intended to reduce flooding and to provide water for agriculture in the Republican River Basin. Before the completion of Harlan County Dam in November 1951 and Lovewell Reservoir in 1957, floods were an almost annual occurrence in the area. Precipitation was the only source of water for crops in much of the study area until the Kansas Bostwick Irrigation District (KBID), which was built by BOR, began full operation in 1958. The KBID receives most of its water from requested releases from Harlan County Dam in Nebraska (fig. 1) ; water generally is not released from Harlan County Dam unless it is requested by an irrigation district, precipitation is plentiful, or in anticipation of increased runoff the following spring.
Water released for the KB ED flows down the Republican River and is diverted at Guide Rock, Nebraska, into the Courtland Canal (diversion dam completed in 1952), which transports the water to Lovewell Reservoir in Kansas ( fig. 1 ). Water generally is not released from Lovewell Reservoir unless it is requested by the KBID, precipitation is plentiful, or in anticipation of increased runoff the following spring. Water released from Lovewell Reservoir for use by the KBID is distributed by a network of canals that begin just upstream from the USGS streamflow-gaging station on White Rock Creek at Lovewell (site 6, fig. 1 ). About 94 percent of the land irrigable by the KBID is located in the uplands west of the Republican River and in part of the valley east of the river (fig. 1) ; about 6 percent of the land irrigable by KBID is north (upstream) from the study area. The amount of land that can be irrigated by KBID is limited ( fig. 1) , mostly because the majority of the distribution system is gravity fed.
Beginning in the 1960's, the development of center-pivot and other mechanized sprinkler systems, which allow the irrigation of rolling farmland and growth on more acres of a greater variety of crops with larger water demands (for example, corn and alfalfa), encouraged an increase in both surface-and groundwater use for irrigation within and upstream from the study area.
In 1991, during the drought of 1988-92, flow in the Republican River decreased below the minimum 
Purpose and Scope
The purpose of this report is to present the results of the 4-year study to quantify the effects of major water-budget components on streamflow in the Republican River from near Hardy, Nebraska, to Concordia, Kansas, for October 1980 through September 1995. The study area includes the drainage basin of that part of the Republican River between the USGS streamflow-gaging stations near Hardy, Nebraska (site 1, fig. 1 ), and Concordia, Kansas (site 21, fig. 1 ), and covers approximately 1,155 mi in parts of Cloud, Jewell, Mitchell, Republic, and Smith Counties in north-central Kansas and a small part of Nuckolls and Thayer Counties in Nebraska ( fig. 1 ). The period of October 1980 through September 1995 was chosen for evaluation because hydrologic and water-use data available for this period are superior to those of earlier times and because this period includes a variety of climatic conditions.
Upstream flow into the study reach, tributary inflow, streambed seepage, evaporation, reservoir releases, irrigation canal return flow, and surfacewater diversions were considered the major waterbudget components for this study. In this report, the emphasis is on streamflow in the Republican River itself, the contributions the river receives from other surface-water sources (tributary streams and canals), the seepage that takes place between the river and the adjacent aquifer, evaporation from the river, and the surface-water diversions that occur in the ungaged part of the study area between the gaging stations near Hardy, Nebraska, and at Concordia, Kansas. Because of this emphasis, the complexity of that part of the surface-water system in the study area upstream from the streamflow-gaging stations at White Rock Creek at Lovewell (site 6, fig. 1 ) and Buffalo Creek near Jamestown (site 17, fig. 1 ) was simplified to its contribution to the flow in the Republican River which was considered to be the discharge at these two gaging stations and the canal return flow measured by the KBID.
Monthly water-budget estimates were compared to measured discharge of the Republican River at Concordia during high-flow, normal-flow, low-flow, and extreme low-flow conditions to quantify how well the estimated water-budget components matched measured flows. The proportion that each major component contributed to the water-budget estimates during these flow conditions was quantified by comparing monthly estimates of the major components to those of the water budget. The monthly major-component and water-budget estimates were quantified using measured or reported data available from BOR, KBID, DWR, USGS, and the National Oceanic and Atmospheric Administration.
Also included in this report are the results of 10 synoptic seepage surveys made along the Republican River and its major tributaries ( fig. 1 ) during 1982 and 1995-97. These measurements were made to gain an improved understanding of streambed seepage to and from ground water in the study area.
The increasing public interest in the allocation of water in the Republican River Basin makes this study of regional importance because it addresses the need for more knowledge of the components of streamflow in the Republican River and of ground-and surfacewater interaction in the Republican River Valley required for the wise management of water resources of the region.
Previous Studies
Numerous reports on the geology and hydrology of all or parts of the study area have been written during the last 70 years. Wing (1930) , in his report on the geology of Cloud and Republic Counties, included a short section on the availability of surface-water supplies in the study area. The ground-and surface-water concerns and water-supply potential of the lower Republican River Basin in Kansas in about 1960 were discussed in a report by the Kansas Water Resources Board (1961) . Spruill (1985) described the condition of the surface-water system in 1982 for part of the lower Republican River Valley in Kansas upstream from Norway in Republic County. In 1994, under contract to KWO, Water Resources Management, Inc. (1994) , completed a study of streamflow depletion in the surface-water system of the lower Republican River. Estimates of the major components of streamflow in the Republican River were made by Hansen (1997) using a preliminary version of the water budget developed for this study.
Since 1981 there have been several comprehensive studies of the Republican River Basin that include the study area. The Missouri Basin States Association (1982a,b) completed a comprehensive study of the surface-and ground-water systems in the Missouri Basin. BOR has completed two comprehensive studies the first was a water-management study of the ground-and surface-water systems of the Republican River Basin that included the results of a numerical ground-water flow model (Bureau of Reclamation, 1985a,b,c) ; the second was a resource-management study of the ground-and surface-water systems in the Republican River Basin that emphasized that part of the surface-water system controlled by BOR (Bureau of Reclamation, 1996) .
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ENVIRONMENTAL SETTING
More than 99 percent of the land in the study area is classified as rural (Helyar, 1996) , and most of the regional economy is dependent on raising crops and livestock. The variability and the lack of precipitation during some years have led to poor crop yields or crop failures in the study area. The increased availability of water for irrigation due to developments such as operation of KB ID, rolling sprinkler systems, and larger, more efficient pumps, has moderated, but not eliminated, many of the negative effects of drought on the local economy. About 40,000 of the approximately 42,500 irrigable acres within the KB ID are in the study area; however, not all acres are irrigated every year.
Physical Setting
The study area is in the Plains Border section of the Great Plains physiographic province, which is characterized by plateaus that are submaturely to maturely dissected (Fenneman, 1931) . The major geographic features in the study area are the Republican River, its valley, and the flat to gently rolling uplands that are to the east and west of the valley and about 200 to 250 ft above the valley floor. The Republican River in the study area is about 43 mi long between the gaging stations near Hardy, Nebraska (site 1, fig. 1 ), and at Concordia, Kansas (site 21, fig. 1 ). The valley in the study area is about 34 mi long and about 1 to 4.5 mi wide.
Only a small part of the study area lies to the east of the Republican River. The tributaries there are small and dry for most of the year. To the west of the Republican River, the drainage area is larger, and most tributaries are larger ( fig. 1 ). White Rock Creek and Buffalo Creek ( fig. 1 ) are the two main tributaries in the study area; other important tributaries west of the Republican River are Spring, Mud, Beaver, and Wolf Creeks (from north to south, fig. 1 ), which typically have streamflow greater than 1.0 ft3/s (as measured during synoptic seepage surveys in 1982 and 1995-97) . Other tributaries in the study area commonly have streamflow less than 1.0 ft3/s or are dry. White Rock Creek, which is the only perennial tributary in the study area, has been dammed to create Lovewell Reservoir; this reservoir is used for storage of irrigation water, flood control, and recreation. Sportsmans Lake ( fig. 1 ), which drains into Buffalo Creek, is regulated by the Kansas Department of Wildlife and Parks for waterfowl and recreational use.
Hydrologic System
The hydrologic system of the study area includes both surface and ground water. Sources of water to the hydrologic system from outside the area are the Republican River itself, the Courtland Canal, and the movement of ground water across the study-area boundary ( fig. 2 ). Within the study area, precipitation is the main source of water to the hydrologic system. For example, precipitation may fall directly into water bodies; move by overland flow into tributaries, canals, or the Republican River; or infiltrate into the ground where it may be used by plants or percolate to the water table ( fig. 2) . Evaporation from water bodies and the land surface and evaporation and transpiration (evapotranspiration) by plants remove water from the hydrologic system within the study area. Surface water in the Republican River and ground water are also discharged from the hydrologic system at the downstream end of the study area ( fig. 2 ). Water diverted within the study area by humans may be consumed and removed from the system, but some of the diverted water may be returned to the system by percolation to the water table or through discharges into tributaries, canals, or the Republican River ( fig. 2) .
Within the study area, there can be movement of water between the ground-and surface-water parts of the hydrologic system. Most of this movement takes place along the Republican River; however, movement can also occur along tributaries and canals in the study area. Usually the Republican River is a gaining stream that is, the ground water flows into the river from the adjacent aquifer because the water table is higher than the water level in the stream ( fig. 2) . At times this condition may be reversed, and the Republican River becomes a losing stream that is, water flows from the river to the aquifer because the water table in the adjacent aquifer is lower than the water level in the river.
Climate and Drought Effects
Although the climate of the study area is subhumid (Kansas Water Resources Board, 1961, p. 27) , precipitation and evaporation in the study area are quite variable, both from year to year and within any year. Precipitation and evaporation generally are precipitation (1951-80) ranges from 25 to 29 in/yr from west to east across the study area (Hedman and Engel, 1989) . Average annual (1956-70) free watersurface evaporation ranges across the study area from about 48 in/yr in the east to about 52 in/yr in the west (Farnsworth and others, 1982 3£) ; however, evaporation typically was recorded only during the months of April through October in any year (National Oceanic and Atmospheric Administration, 1958-96) . Generally, monthly average recorded pan evaporation at Lovewell Reservoir was greatest during July and August, when it averaged 13.75 and 13.65 in/mo, respectively, and least in October, when it averaged 6.32 in/mo; pan evaporation probably averaged much less during the months of November-March when it was not recorded and temperatures generally were colder than during the rest of the year.
The continental climate of Kansas is conducive to prolonged droughts and numerous floods. Droughts occur when precipitation is less than average for several consecutive years, whereas floods typically occur during periods of greatly increased rainfall over relatively short time periods of hours or days (Clement, 1991) . During periods of drought, evaporation tends to be large and to amplify the effect of the drought. All or part of the five major regional droughts (1929-41, 1952-57, 1962-72, 1974-82, and 1988-92) and four of the five major floods (1935, 1951, 1973, and 1993 shown; 1903 not shown) that have occurred in the study area since 1900 (Clement, 1991; Dennis Lacock, U.S. Geological Survey, oral commun., 1997) are shown in figure 3F and table 1. Continuous precipitation data beginning in 1886 are available, but streamflow data before 1931 are not available for sites in or near the study area. Although average annual precipitation amounts at Belleville, Kansas, were similar during the three droughts shown in figs. 4A and B) .
Comparison of streamflow with precipitation and the Palmer Modified Drought Severity Index (Heddinghouse and Sabol, 1991) (fig. 3) shows that generally the periods of higher and lower streamflow are similar to the wetter and drier periods of precipitation and of the drought index although the intensity may differ between streamflow and the drought index. The difference in intensity probably is due in part to the effect of regulation of the surface-water system in the study area by dams and reservoirs. For example, streamflow was much less during October 1990 fig. 45 ), water stored in the soil, ground, and especially reservoirs probably was not replenished, and all reserves most likely were essentially depleted, leaving little or no stored water available to moderate the effect of the drought on streamflow during October 1990 through May 1992.
Environmental Setting
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WATER-BUDGET COMPONENTS OF STREAMFLOW
A mass-balance model is based on the concept that the input to a system should equal the output from the system if change in storage is zero. A water budget can be used to quantify the input to and output from a hydrologic system. The mass-balance water budget used in this study describes flow in the Republican River only and not the hydrologic system of the entire Gaged streamflow 1951 1952 1953 1954 1955 1956 1957 1987 1988 1989 1990 1991 EXPLANATION 1992 Monthly average precipitation (October 1951-September 1992)
Monthly minimum desirable streamflow study area. Therefore, not all components that contributed water to or removed water from the study area ( fig. 2 ) were considered part of the water budget describing flow in the Republican River. Water that enters or leaves the Republican River in the study area through tributaries or canals, through exchange of water between the aquifer and the river by streambed seepage, through evaporation from the Republican River, or through use by humans were considered to be major components of flow to the Republican River and were included in the water budget. Other components of flow were considered minor and were not included in the water budget because they are included within the major components or are small in comparison. For example, most of the precipitation that falls within the study area becomes part of other components (for example, flow in tributaries) before it reaches the Republican River and, therefore, is accounted for in the contributions made by the major components; the remaining precipitation that falls directly on the Republican River is small and not considered. No municipal or industrial discharges were included in the water budget because all the cities and industries in the study area evaporated or recycled their used water or discharged it outside the study area or upstream from a gaging station on a tributary (included in tributary flow).
The water budget and major components used to describe flow in the Republican River in the study area are upstream flow (UF) near Hardy, Nebraska,
plus tributary flow (TF), plus streambed seepage (SS), minus evaporation (E), plus reservoir releases (RR), plus canal return flow (CRF), minus surface-water diversions (SWD), equals water-budget estimate (WBE) of downstream flow (DF), or:
UF + TF + SS-E + RR+ CRF -SWD = WBE of DF . (1) The components of the mass-balance water budget typically can be grouped into components that are less affected by human activity within the study area, including upstream flow, tributary flow, streambed seepage, and evaporation, and components that are more affected by human activity within the study area, including reservoir releases, canal return flow, and surface-water diversions. Components that are more affected by human activity can typically be modified more easily during drought periods to increase streamflow than components less affected by human activity.
Each of the components of flow used in the water budget were quantified on a monthly basis for the period October 1980 through September 1995 (hereinafter referred to as water years 1981-95). The monthly interval was chosen as a compromise among the varying intervals (daily to annual) of the available data to best describe the interaction of the various compo-nents in the water budget. These quantified components then were combined to make monthly estimates of flow in the Republican River at Concordia, Kansas, during water years 1981-95 and the estimates were compared with measured streamflow at Concordia.
A variety of sources of measured or reported data were used for the monthly estimates of each major component of the water budget. All the major components of flow were converted, if necessary, from the units in which they were originally reported into acrefeet per month. The methods used to estimate each component and the data used to make these estimates are described in the sections that follow. The monthly estimates of the major components of flow for water years 1981-95 are included in table 5 in the "Supplemental Information" section at the end of this report.
Upstream Flow
Upstream flow data were collected by USGS at a streamflow-gaging station near Hardy, Nebraska (site 1, fig. 1 ). These data represented measured inflow for purposes of the water budget. Gaged average daily streamflow data stored in the USGS's National Water Information System (NWIS) were summed by month. Comparison of hydrographs of streamflow near Hardy, Nebraska, and at Concordia, Kansas, show water in the Republican River takes about 1 day to travel from the gaging station near Hardy (site 1, fig. 1 ) to the gaging station at Concordia (site 21, fig. 1 ); therefore, the upstream flow used was for the day previous to that measured at Concordia.
Tributary Flow
Tributary flow includes streamflow measured by the USGS at gaging stations on White Rock Creek at Lovewell, Kansas (site 6, fig. 1 ), and on Buffalo Creek near Jamestown, Kansas (site 17, fig. 1 ); approximately 30 and 28 percent of the study area are upstream from these gaging stations, respectively. Tributary flow in ungaged parts of the study area or during periods of missing streamflow measurements at the gaging stations was estimated as described in the following paragraphs.
The streamflow for the ungaged part of the study area was computed by multiplying the average of the monthly streamflow for the unregulated, gaged part of the study area as measured or estimated at the gaging stations on White Rock Creek near Burr Oak (site 4, fig. 1 ) and on Buffalo Creek near Jamestown (site 17, fig. 1 ) by the ratio of the ungaged part of the study area to the unregulated, gaged part of the study area. During most of water years 1981-95, about 42 percent of the study area was ungaged, and about 48 percent of the study area was unregulated and upstream from the gaging stations on White Rock Creek near Burr Oak and on Buffalo Creek near Jamestown; the remaining approximately 10 percent of the study area was in the gaged and regulated part of the White Rock Creek drainage between the gages near Burr Oak and at Lovewell, Kansas (sites 4 and 6, fig. 1 ). Following June 1990, when the streamflow gage on Buffalo Creek near Jamestown was discontinued, the ungaged part of the study area increased to about 70 percent and the unregulated, gaged part of the study area decreased to about 20 percent.
Streamflow for Buffalo Creek during that part of water years 1981-95 when it was ungaged near Jamestown (July 1990 through September 1995) was estimated using stepwise multiple linear regression analysis (Statware, Inc., 1990) The correlation coefficient (r) of this stepwise multiple linear regression was 0.86. The equation that resulted from the stepwise multiple linear regression was used to estimate streamflow at the gaging station on Buffalo Creek near Jamestown during the ungaged period . To test how well estimated streamflow for Buffalo Creek compared to measured flows, this same equation then was used to estimate streamflow for Buffalo Creek during the period when the gage was operating . The strong correlation (r equals 0.82) of the measured and estimated streamflows at the gage on Buffalo Creek near Jamestown during the gaged period is shown in figure 5 .
Because White Rock Creek is regulated upstream from the gaging station at Lovewell, an attempt was made to separate the measured discharge into that which could be considered as released from Lovewell Reservoir and that which could be considered unregulated streamflow. The unregulated streamflow was estimated as that part of the average daily discharge that was less than or equal to 10 ft /s because the gage is only about 1,400 ft downstream from the Lovewell Reservoir dam with no intervening tributaries and because measured flows greater than 10 ft3/s increase abruptly to (or decline abruptly from) about 100 to 1,000 ft /s and may not correspond with periods of precipitation, indicating they are reservoir releases. This estimated, unregulated streamflow was included in the tributary flow component of the water budget. Measured average daily discharge greater than 10 ft /s was included in the reservoir release component.
Streambed Seepage
Streambed seepage is defined in this study as the increase or decrease of flow in the Republican River as a result of seepage between the aquifer and the river. Streambed seepage is typically one of the most difficult water-budget components to accurately quantify. It can be estimated by conducting synoptic seepage surveys or by using hydrograph-separation techniques. Seepage surveys are more accurate but are only practical at lower flows where the difference between the measured inflows and outflows is greater than the potential error of the measurements.
For this water-budget estimate, a relation between seepage-survey data and average daily flow at Concordia, Kansas, was used to compute daily Streambed seepage for flow from 150 through 500 ft3/s at Concordia because seepage data were available for this range in flow, and a hydrograph-separation technique was used for flows less than 150 ft /s or greater than 500 ft3/s. Daily seepage flows were summed to get the monthly Streambed seepage flows shown in table 5 in the "Supplemental Information" section at the end of this report. Mean daily streamflow at Concordia, Kansas, was less than 150 ft3/s or exceeded 500 ft3/s about 45 percent of the time during water years 1981-95.
Synoptic Seepage Surveys
During this study, USGS personnel made discharge measurements during eight synoptic seepage surveys along the Republican River from near Hardy, Nebraska, to Concordia, Kansas, and on all major tributaries ( fig. 1 ), mostly during relatively low-flow periods. Standard USGS discharge techniques were used (Carter and.Davidian, 1977; Buchanan and Somers, 1984) . Table 2 is a compilation of the results of these measurements. Two seepage surveys conducted during 1982 and documented in Spruill (1985) also are noted in table 2. Figure 6 is a graphical representation of the data from the Republican River synoptic seepage-survey sites listed in table 2. Measurements were not made during the summer irrigation period because of few opportunities with sufficiently low flows during the summer of 1996. Streambed seepage was estimated from the synoptic seepage-survey data as the change in streamflow between near Hardy, Nebraska, and Concordia, Kansas, after subtracting measured tributary flow. Some of the Streambed seepage estimates are somewhat overestimated because the smaller tributaries were not measured during all synoptic surveys. Table 2 and figure 6 confirm that the Republican River between Hardy and Concordia is predominately a gaining stream; that is, Streambed seepage is positive, and flow is from ground water to the river. Streambed seepage in this reach for the 10 measurement dates ranged from 17.2 to 126.1 ft3/s with a median value of 32.6 ft /s. These values were always greater than the uncertainty associated with the streamflow measurements. Some variability in Streambed seepage occurred between measurement dates and between survey sites. Streambed seepage tends to increase with increasing streamflow as demonstrated by the strong correlation between Streambed seepage and discharge at Concordia (fig. 7) . The seasonal differences in these data are likely a result of the winter measurements being conducted at higher flows (table 2) .
The results of a linear regression of seepage measurements with streamflow at Concordia, Kansas ( fig. 7) , was used to estimate daily Streambed seepage for streamflows at Concordia ranging from 150 through 500 ft3/s. Streamflow at Concordia between 150 and 500 ft3/s was used because 9 of the 10 sets of seepage measurements that best agree with the linear regression line ( fig. 7 ) occurred when corresponding streamflow at Concordia was within this range. For much greater streamflows, this relation was not considered reliable because of a lack of seepage measurements and because it produced seepage estimates that in many cases far exceeded the hydrograph-separation technique results. Seepage measurements are rarely made during higher flows because the potential errors involved in measuring the larger flows typically are as large or larger than the amount of Streambed seepage. 
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Hydrograph Separation
For streamflow s in the Republican River at Concordia less than 150 ft3/s or exceeding 500 ft3/s, streambed seepage was estimated using the computer program BFI4 (Wahl and Wahl, 1995) that computes daily streambed seepage from average daily streamflow. The BFI4 program uses streamflow hydrographseparation techniques to estimate that part of flow in an unregulated stream that is from streambed seepage; these techniques are based on a set of base-flow separation procedures proposed by the Institute of Hydrology (1980a,b) . The average daily streamflow data collected by the USGS at gaging stations near Hardy, Nebraska (site 1, fig. 1 ), and at Concordia, Kansas (site 21, fig. 1 ), were used as input to the program. The BFI4 program also requires specification of the streamflow minimum-increment test interval (N) in days and the turning-point test factor (f). A value of N equal to 7 days was used in this study because the BFI4 estimates of streambed seepage were typically more consistent and tended to reduce the probable overestimation of streambed seepage by the BFI4 program discussed later in this report. A value of f equal to 0.90 was used in this study because it was proposed for use by the Institute of Hydrology (Wahl and Wahl, 1995) . To become a turning point used to estimate the base flow (streambed seepage), the minimum streamflow in an increment test interval multiplied by the value of f must be less than the minimums in both adjacent increment test intervals. An example and detailed discussion of these techniques can be found in Wahl and Wahl (1995) .
The Republican River is regulated by Harlan County Dam; however, during most periods the Republican River can be viewed as an unregulated stream because, except during higher flows, either no water is released from Harlan County Lake (about 68 percent of the time during water years 1981-95) or all streamflow and releases from the lake are fully diverted upstream from Guide Rock, Nebraska (about 23 percent of the time during water years 1981-95), for irrigation. About 75 percent of the time during water years 1981-95, the Republican River at Hardy was not affected by releases or diversions; thus, use of hydrograph-separation techniques was similar to their use in estimating streamflow seepage for an unregulated stream.
Contributions to streamflow from regulated sources that occur for periods longer than the minimum increment test interval (7 days) are considered part of the streamflow from which streambed seepage is estimated by the BFI4 program and may cause streambed seepage to be overestimated. Before the BFI4 program was used, the streamflow data from the gaging station at Concordia, Kansas, were modified to remove some of the effects of releases by Lovewell Reservoir. No adjustments were made for tributary flow or canal return flow, and as a result, the streambed-seepage component is an overestimate; adjustments were impractical due to insufficient tributary flow and canal return flow data. The net streambed seepage for the Republican River in the study area was then estimated as the BFI4 results for the gaging station near Hardy, Nebraska, subtracted from the BFI4 results for the gaging station at Concordia, Kansas, after compensating for a 1-day traveltime between the two stations. The results from the BFI4 program tended to overestimate streambed seepage when compared to same-day seepage-survey measurements ( fig. 8 ).
Evaporation
Evaporation from the Republican River was estimated using monthly pan evaporation measured at Lovewell Reservoir, Kansas, and published by the 40  50  60  70  80  90  100  110  120  130  140  150 Streambed seepage estimated using data from synoptic seepage surveys, in average cubic feet per second per day Figure 8 . Comparison of streambed seepage estimated using data from 10 synoptic seepage surveys during 1982 and 1995-97 with streambed seepage estimated using BFI4 computer program (Wahl and Wahl, 1995) (sources: Spruill, 1985 , and U.S. Geological Survey, Lawrence, Kansas). . The free water-surface evaporation in the study area can be estimated by multiplying the pan evaporation at Lovewell Reservoir by the pan coefficient of 0.72 (Farnsworth and others, 1982) . The amount of evaporation from the Republican River was estimated as the free water-surface evaporation for the month multiplied by the area of the upper surface of the river. The upper surface of the Republican River in the study area was estimated as 42.7 mi long and 150 ft wide. No evaporation was considered to have occurred during those months (typically November through March) without published values for pan evaporation at Lovewell Reservoir.
National Oceanic and Atmospheric Administration
Reservoir Releases
Reservoir releases were estimated conservatively, as previously described in the "Tributary Flow" section, as that part of the average daily discharge greater than 10 ft3/s measured at the USGS streamflow-gaging station on White Rock Creek at Lovewell, Kansas, which is just downstream from Lovewell Reservoir ( fig. 1 ). That part of the average daily discharge less than or equal to 10 ft3/s was considered to be unregulated streamflow and was included in the tributary flow component. Diversions from Lovewell Reservoir into the part of the Courtland Canal downstream from Lovewell Reservoir are not included in the gaged discharge because the canal's diversion point is upstream from the gaging station. As a result, most of the estimated reservoir releases occur only during or following periods of abundant precipitation or in anticipation of increased runoff the following spring.
Canal Return Flow
Canal return flow data were collected by KB ID at discharge gates in calibrated manmade channels at the ends of the large canals and of the smaller canals (lateral lines) that divert water from them within the district. Canal return flow from KB ID to the Republican River generally occurs only during the months that irrigation is allowed in the district (June through September). Although irrigation does not occur during all 4 months during all years, canal return flow has occurred in July and August every year since 1958.
The discharge of water from KB ID canals to the Republican River was based on monthly data provided by KB ID. Water discharged from the Courtland Canal directly into Lovewell Reservoir was not included in the canal return flow component, even though it is recorded as return flow by KBID. This is because, as discussed in the "Background" section, the Courtland Canal is used to transfer water from the Republican River upstream from the study area into Lovewell Reservoir for use by KBID. Only 90 percent of the discharge from the lateral lines upstream from Lovewell Reservoir were included in the canal return flow because approximately 10 percent of the KB IDirrigated land upstream from the reservoir is outside the study area. Downstream from Lovewell Reservoir, discharges from both lateral lines and canals were included in canal return flow.
Surface-Water Diversions
Surface-water diversions, the amount of surface water removed (diverted) by humans, were estimated from annual water-use reports completed and returned to DWR by users. The only uses for which surface water was diverted in the study area were irrigation and recreation; all diversions for municipal and industrial uses in the study area are from ground water. Many of the surface-water diversions (induding the large diversions to and from Lovewell Reservoir for KBID and the diversions for recreation) were upstream from the gaging stations on White Rock Creek at Lovewell or on Buffalo Creek near Jamestown; these diversions already are accounted for in the tributary or canal return flow components. Only surface-water diversions from tributaries in the ungaged part of the study area or directly from the Republican River in the study area were considered to be part of this component. All water from these surface-water diversions was used for irrigation. The annual surface-water irrigation-use data for these diversions were divided into monthly data in the same monthly-to-annual ratios as the data for irrigation deliveries available from KBID.
EFFECTS OF WATER-BUDGET COMPONENTS
Comparison of the water-budget estimates during various flow conditions was needed to evaluate the importance of each component and how well the water-budget estimates matched downstream flow during these conditions. Smaller periods within water years 1981-95 were classified on the basis of streamflow conditions. The effects of the water-budget components on flow during drought conditions, when water demand may exceed water supply in the study area (as occurred during 1991 and 1992), were of special interest.
Streamflow-Class Periods
The streamflow-class designations were determined by computing monthly discharges using streamflow data from USGS streamflow-gaging stations near Hardy, Nebraska, and at Concordia, Kansas. The period of October 1951 through September 1995 was chosen to include a long enough period to be statistically valid while also avoiding inclusion of streamflow from the unregulated period before the completion of Harlan County Dam when the streamflow regime was different ( fig. 3# ). The 10-, 25-, 75-, and 90-percent streamflow exceedances during October 1951 through September 1995 were computed for each of the 12 calendar months. The four streamflow classes designated using these percent exceedances were 0-25 percent, high flow; 25-75 percent, normal flow; 75-90 percent, low flow; and greater than 90 percent, extreme low flow. Each month during water years 1981-95 was assigned to one of the four streamflow classes by comparing the streamflow for the month with the exceedances computed for the corresponding calendar month. Adjacent months with the same streamflow class were grouped into streamflowclass periods. Some streamflow-class periods contain short periods when the flow met the criteria of other streamflow classes; however, these short periods were not considered long enough (less than 6 months) to be designated as separate periods.
During 3F ) and, therefore, allowed for a better test of the water budget to estimate downstream flow for these conditions. The example extreme low-flow period of October 1990 through May 1992 is the only extreme low-flow period that occurred within water years 1981-95. During 18 of the 20 months in this extreme low-flow period, the monthly streamflow at Concordia, Kansas, was less than the MDS (fig. 4fl) . Within the extreme low-flow period, July through August 1991 and September through October 1991 were identified as the critical irrigation period and the lowest flow period, respectively ( fig. 9 ). During the critical irrigation period, upstream and downstream flow were low and irrigation demand was high. Streamflow at Concordia, Kansas, was only about 28 percent of MDS during the lowest flow period. 1 1 II 1 1 1 1 1 1 1 1 1 1 II 1 1 1 1 1 1 1 1 1 1 II II 1 1 M tll|ll1ll Monthly average {October __ 1951-September 1995) Measured
B. Streamflow at Concordia, Kansas (site 21, fig. 1) 100,000 80,000 60,000 40,000 20,000 0 -20,000 -40,000 -60,000 -80,000 -100,000 1980 1981 1982 1983 1984 1985 1986 1987 1988 1989 1990 1991 1992 1993 1994 1995 'Negative Streambed seepage value indicates seepage is from stream to adjacent aquifer. Evaporation and surface-water diversions are removals from the system when combining the components of flow to make water-budget estimates. Table 3 shows each water-budget component for each streamflow-class period and the comparison with the monthly streamflow recorded at the gaging station at Concordia, Kansas. Also, the proportion that each major component contributes to the flow in the Republican River was computed as a percentage of the water-budget estimate for each period. The water-budget components that are less affected by human activity within the study area (upstream flow, tributary flow, streambed seepage, and evaporation) contributed the largest part of the waterbudget estimate averaging about 94 percent of the monthly water-budget estimates for water years 1981-95 when combined (table 3) . Except during the extreme low-flow period, this combined percentage was relatively constant, ranging from about 91 percent during the high-flow period to about 94 percent during the low-flow period. During the extreme low-flow period, the proportion of the water-budget estimates represented by components that are less affected by human activity was about 101 percent but increased to about 114 percent during the critical irrigation period when the contributions from canal return flow and streambed seepage represented atypically large proportions of the water budget. The proportion of the water budget represented by components that are less affected by human activity decreased to about 100 percent during the lowest flow period when streambed seepage became negative and the contributions from other components that commonly provide water to the budget were small or zero (table 3) .
EXPLANATION
Comparison of Water-Budget Components With Water-Budget Estimates and Measured Downstream Flow During Streamflow-Class Periods
The components that are more affected by human activity within the study area (reservoir releases, canal return flow, and surface-water diversions) collectively were generally a small proportion of the water-budget estimates, averaging about 6 percent when combined for water years 1981-95. These components typically do not occur during all months of any year. For example, canal return flow generally only occurred during months in which irrigation was allowed to take place (June-September) in KB ID, and surface-water diversions for irrigation were assumed for this study to occur during the same months as irrigation deliveries were made by KB ID. Releases from Lovewell Reservoir do not occur on a regular schedule and are mostly dependent on the amount of precipitation that occurred during or preceding the release period. Individually, the components that are more affected by human activity can become important, especially during periods within the irrigation season (table 3) . During those periods, they collectively may represent a substantial percentage removal from the system when making water-budget estimates (table 3) .
Upstream Flow
Upstream flow was commonly the largest contributor to the water-budget estimates, averaging about 48 percent of the water-budget estimate for water years 1981-95 (table 3). The percentage of the water budget that upstream flow contributes varied throughout the year, typically being greatest, about 61 to 69 percent of the water budget, during the months of November through January. During those months, there generally was no irrigation or associated canal return flow, and tributary flow was small in part because precipitation was only about 10 pecent of the long-term (October 1951-September 1995) average annual amount (table 4) . During the months of September, October, February, and March, upstream flow decreased to about 49 to 56 percent of the water-budget estimate; during these months, precipitation was about 26 percent of the long-term average annual amount (table 4) , and tributary flow increased, but little or no irrigation or canal return flow occurred because most plants were dormant or at the beginning or end of their growing cycle. Upstream flow further decreased to only about 41 to 45 percent of the waterbudget estimate during the months of April through August when precipitation increased to about 70 percent of the long-term average annual amount (table 4) , resulting in increases in the contributions from tributary flow and streambed seepage; also, most irrigation took place during these months, resulting in more canal return flow.
Upstream flow was about 151 percent of the water-budget estimate and of greatest relative significance during the lowest flow period even though upstream flow was only about 6 percent of the longterm monthly average for September-October and precipitation was about 37 percent of the long-term monthly average for September-October at Concordia, Kansas (tables 3 and 4). During the highest flow period, when upstream flow was at its greatest (about 560 percent of the long-term average for July) and flooding occurred in the study area, upstream flow was only about 33 percent of the water-budget estimate and of lesser significance than during any other example period (tables 3 and 4).
During the normal-flow period, upstream flow was about 47 percent of the water-budget estimate and about 68 percent of the long-term monthly average upstream flow (tables 3 and 4). Although precipitation and upstream flow increased to about 138 and 290 percent of their respective long-term averages during the high-flow period, upstream flow remained about 46 percent of the water-budget estimate (tables 3 and 4). During the low-flow period, upstream flow was about 56 percent of the water-budget estimate when precipitation was about 100 percent of the long-term monthly average for October-June at Concordia and upstream flow was only about 39 percent of the longterm monthly average for October-June (tables 3 and 4). Upstream flow was a larger-than-average percentage of the water-budget estimate during periods of low to lowest flow when streamflow and precipitation were average to smaller-than-average percentages of the long-term norms (tables 3 and 4). This would seem to indicate that, while always important, preserving upstream flow is especially important during times of drought.
Tributary Flow
Tributary flow was generally the second largest water-budget component and can be a major contributor to the water budget, especially when evapotranspiration is low (winter and early spring) or when precipitation is consistently about 2 in/mo or more (Hansen, 1997) . Tributary flow averaged about 31 percent of the water-budget estimate but varied greatly. Average monthly tributary flow generally was more, ranging from about 31 to 38 percent of the water-budget estimates during the months of March through July when about 55 percent of the annual precipitation took place (table 4) .
Tributary flow was about 46 percent of the water budget during the highest flow period when precipitation was about 460 percent of the long-term average for July (tables 3 and 4); this was a larger percentage of the water budget than during any other example period and an even greater percentage than the upstream flow contribution to the water budget (table 3) . Tributary flow contributed practically nothing (about 0.3 percent) to the water-budget estimates during the critical irrigation and lowest flow periods (table 3) when precipitation was only about 49 and 37 percent of the long-term monthly averages for July-August and September-October, respectively (tables 3 and 4). Tributary flow can contribute substantial amounts to the water-budget estimates, especially during periods of higher flow; however, it cannot be considered a reliable source of water during the critical irrigation months of July and August or during periods when precipitation is consistently much less than normal.
Streambed Seepage
Streambed seepage generally was positive, indicating that the Republican River is a gaining stream that is, ground water flows into the river from the adjacent aquifer because the water table is higher than the water level in the river ( fig. 2; table 3) . A negative streambed-seepage estimate indicates that this situation is reversed and that the river is losing water to the aquifer (for example, lowest flow period in table 3). Streambed seepage generally was the third largest water-budget component and averaged about 15 percent of the water-budget estimates during water years 1981-95. The largest proportion of the waterbudget estimate represented by Streambed seepage was about 46 percent during the critical irrigation period; this was probably due to a raised water table resulting from the use of imported surface water irrigation. Streambed seepage represented the smallest proportion of the water-budget estimate (about -11 percent) during the lowest flow period when the Republican River probably became a losing stream.
In general, the importance of Streambed seepage is inversely related to the amount of downstream flow, being less important during periods of high flow when contributions from other sources, especially tributary flow, are larger, and being more important during periods of extreme low flow when the tributary flow contribution is small. However, if low-flow conditions are severe enough, Streambed seepage may change from a substantial contribution to the water budget to a withdrawal (removal) from it, as may have happened during the period of lowest flow (table 3) . Although Streambed seepage can contribute substantially to the water-budget estimates during most of a drought, the potential to result in removals from the water-budget estimates means it cannot be considered a reliable source of water during periods of extended drought when streamflow is similar to that during the example lowest flow period.
Evaporation
Evaporation from the Republican River commonly averaged about 0.4 percent of the water-budget estimates for water years 1981-95 and ranged from about 40 percent of the water budget during the lowest flow period to less than 0.1 percent during the highest flow period (table 3) . Evaporation was recorded as occurring in 103 of the 180 months in water years 1981-95 generally only in April through October of any year; for those 103 months, evaporation averaged about 0.6 percent of the water-budget estimates. Although evaporation is described here and in table 3 as positive numbers, it is a withdrawal of water from the system and is subtracted from the total of the other components used for the water-budget estimates.
Evaporation from the Republican River was 1 percent or less except during the extreme low-flow, critical irrigation, and lowest flow periods, when it was about 2, 9, and 40 percent, respectively. Although the withdrawals from the water-budget estimates represented by evaporation from the Republican River typically were not substantial, these withdrawals may become important during drought periods in the warm season, especially during periods when Streambed seepage represents withdrawals from rather than contributions to the water-budget estimates and contributions from all other components to the water budget are small or nonexistent.
Reservoir Releases
Reservoir releases averaged about 6 percent of the water-budget estimates for water years 1981-95 and ranged from an average of 0 percent during the critical irrigation and lowest flow periods when no releases occurred to about 9 percent during the high-flow period (table 3) . Reservoir releases are sporadic and generally do not occur during all months of a year or of a flow period. Reservoir releases typically are made only during or following periods when precipitation is above average or during the nongrowing season (most likely to lower the level of the reservoir in anticipation of increased runoff during the following spring). Releases were made in only 52 months of the 180 months in water years 1981-95, and for those months with releases, the average release was about 9 percent of the water-budget estimates.
During water years 1981-95, the longest period when reservoir releases were made during consecutive months was February 1993 through May 1994, which includes the example period of high flow (table 3) . During the period of high flow, the average amount of reservoir release was about 510 percent of the average for water years 1981-95 (table 3) and about 150 per-cent of the average for all months with releases. Precipitation during the high-flow period was about onethird greater than the average for water years 1981-95 (table 3) and was preceded by a 9-month period of predominately above-average precipitation ( fig. 9A ). During July 1993, the period of highest flow, the amount of reservoir releases was about 550 percent of the average for months with releases, and precipitation was about 450 percent of the long-term average of 3.67 in. for the month of July.
During water years 1981-95, the longest period with very small or no releases was during April 1988 through June 1992, which included the extreme lowflow period (table 3) ; the only month with an appreciable release was June 1991 when precipitation was about 3.77 in. Even with the much reduced Republican River streamflow during June 1991, reservoir releases were still less than 0.1 percent of the water-budget estimate. Reservoir releases, because they are sporadic and typically occur only during or immediately following periods when precipitation is above average or in anticipation of a need for spring flood control, generally are unimportant to streamflow in the Republican River during periods of extreme low flow when water in reservoirs is almost always conserved rather than released.
Canal Return Flow
Canal return flow averaged about 1 percent of the water-budget estimates for water years 1981-95 and ranged from 0 percent during the lowest flow period to about 42 percent during the critical irrigation period (table 3) . Canal return flows only occurred in 58 out of 180 months during water years 1981-95; for those 58 months, canal return flow averaged about 3 percent of the water-budget estimates.
Canal return flow was most important, about 42 percent of the water-budget estimate, during the critical irrigation period, when use of surface water for irrigation was restricted by KBID. As a result, the amounts of water diverted for KBID and the corresponding canal return flow, especially during the months of July and August 1991, may have been much less both in amount and percentage of the water-budget estimate than if the restrictions had not existed. This illustrates the large effect canal return flow may have on the water-budget estimates during the irrigation season during periods of extreme low flow.
Average canal return flow during the highest flow period was only about 0.2 percent, the smallest percentage shown in table 3 for any of the periods when canal return flow took place. However, the average amount of canal return flow during the highest flow period approached that during the critical irrigation period (table 3) , even though the amount of water diverted for irrigation was much less during the former period than during the latter one (data on file with KBID, Courtland, Kansas). The relatively large canal return flow during the highest flow period probably is due to the canals acting as tributaries and routing excess runoff from precipitation to the Republican River. Although canal return flow was zero during most months, during the months it occurred canal return flow generally increased both in amount and as a percentage of the water-budget estimates as upstream and downstream flow decreased; therefore, canal return flow can be an important source of water to the Republican River during the irrigation season when streamflow is similar to that during the example extreme low-flow period.
Surface-Water Diversions
Surface-water diversions generally were small, averaging about 1 percent of the water-budget estimate for water years 1981-95 and ranged from 0 percent during the lowest flow period to about 56 percent during the critical irrigation period (table 3) . Surfacewater diversions were considered to have occurred during only 57 out of 180 months during water years 1981-95; for those 57 months, surface-water diversions averaged about 3 percent of the water-budget estimates. Although surface-water diversions are described here and in table 3 as positive numbers, they are withdrawals of water from the system and are subtracted from the total of the other components used for the water-budget estimates.
By far the largest average amount of surface-water diversions and corresponding percentage of the waterbudget estimate about 56 percent occurred during the critical irrigation period (table 3) . Surface-water diversions were both about one-third more than the amount of canal return flow during this period and larger than the sum of reservoir releases and canal return flow resulting in a net loss to the water-budget estimate of about 14 percent from the components that are more affected by human activity within the study area (table 3) . Surface-water diversions also were more than the sum of reservoir releases and canal return flow during the extreme low-flow period, resulting in a very small net loss to the water budget from components that are more affected by human activity (table 3) .
Surface-water diversions were equivalent to zero in amount and percentage of the water-budget estimates during the lowest flow period (table 3) . Surfacewater diversions were not considered to have occurred during the lowest flow period because no deliveries were reported by KB ID during this flow period. Although July is usually the height of the irrigation season, no surface-water diversions were considered to have taken place during the highest flow period because no deliveries were reported by KBID; considering precipitation was about 450 percent of the longterm average for July (tables 3 and 4), this was reasonable. Although surface-water diversions generally are small and typically less than the sum of the other components that are more affected by human activity within the study area, surface-water diversions tend to increase as streamflow decreases and can result in large percentage withdrawals of water from the water budget during the irrigation season when streamflow is similar to that during the example extreme low-flow period.
Downstream Flow
Downstream flow provides a measure of how well the mass-balance water-budget estimates compared to measured streamflow at Concordia, Kansas. The water-budget estimate averaged about 110 percent of measured downstream flow for water years 1981-95 (table 3), indicating that the water budget tended to overestimate the downstream flow by an average of about 10 percent with a standard deviation of about 20 percent. This tendency of the water budget to overestimate downstream flow can be seen in figure 9C and D and graphically for streamflows greater than about 40,000 acre-ft/mo in figure 10 .
The water-budget estimates varied least in percentage from downstream flow during the extreme low-flow and normal-flow periods when the waterbudget estimates were about 104 and 108 percent of downstream flow, respectively (table 3), with standard deviations of about 31 and 24 percent, respectively. The water-budget estimate exceeded downstream flow by the largest percentage during the low-flow period when it was about 115 percent of the downstream flow (table 3) , with a standard deviation of about 15 percent. However, during the highest and lowest flow periods, when downstream flow was about 1,050 and 4 percent of their respective long-term monthly averages (tables 3 and 4), the water-budget estimates were only about 89 and 47 percent of downstream flow, respectively (table 3), indicating that the water budget tended to underestimate the amount of downstream flow when downstream flow varied greatly from normal. This tendency to underestimate extreme streamflow values can be seen graphically in figure 10 .
The water-budget estimates of downstream flow generally are comparable to measured downstream flow ( fig. 9B ). This is confirmed by the strong correlation (r equal to 0.983) of measured downstream flow with the water-budget estimates, which indicates that the water budget provides relatively good estimates of downstream flow ( fig. 10 ).
There are many potential sources of error that may cause the difference between the measured downstream flow and water-budget estimates. The largest potential errors are associated with the estimated components of the water-budget estimates that are less affected by human activity within the study area because they generally contribute more than 90 percent of the water budget (table 3) ; smaller potential errors are associated with the components that are more affected by human activity, although these errors may be important when these components become substantial parts of the water-budget estimates.
Even good measurements of streamflow generally have an estimated error of 5 percent, and this error typically increases to about 8 percent for streams with loose sand or mud streambeds, such as the Republican River and its tributaries in the study area (Dennis Lacock, U.S. Geological Survey, oral commun., 1997). These potential errors affect not only downstream flow, to which the water-budget estimates are compared, but also upstream and tributary flow components.
The streambed seepage component is a potentially large source of error in the water-budget estimates because, except for the 10 sets of synoptic seepagesurvey measurements used in this study, no measured data existed in the study area for this component. Streambed seepage probably was overestimated when, for extended periods, tributary flow was large or when canal return flow or reservoir releases were a large proportion of the water budget. This is because the hydrograph-separation techniques used by the BFI4 computer program to estimate the streambed seepage component are general estimation methods that use the total flow measured at a point and assume all flow is from unregulated sources. Contributions, especially 700,000 from regulated sources such as canal return flow or reservoir releases within the study area or undiverted reservoir releases from Harlan County Dam upstream from the study area, that occur for periods longer than the minimum increment test interval (7 days), are considered part of the streamflow from which streambed seepage is estimated by the BFI4 program and can cause streambed seepage to be overestimated.
Another potentially large source of error in the water-budget estimates is the tributary flow component. The ungaged part of the study area that contributed to the tributary flow component increased from about 42 to about 70 percent following June 1990 when the gaging station on Buffalo Creek near Jamestown was removed. Despite the strong correlation between the measured and estimated streamflow at the gaging station on Buffalo Creek near Jamestown, the divergence of the data points from the one-to-one line in figure 5 indicates that there may be relatively large errors associated with the estimates of streamflow in Buffalo Creek during July 1990 through September 1995. The area that was ungaged for all of water years 1981-95, especially that part east of the Republican River, is drained by tributaries that are smaller than those that were measured at streamflowgaging stations in the study area; this may have resulted in an overestimate of tributary flow during much of water years 1981-95.
The reservoir release component may have been slightly underestimated, as some of the average daily streamflow less than 10 ft3/s measured at the gage on White Rock Creek at Lovewell, Kansas, that was assigned to tributary flow, may have been due to releases from Lovewell Reservoir instead. Errors in reservoir releases also may have resulted in a small error in the streambed seepage component as the estimated daily reservoir releases (after adjusting 2 days for traveltime) were subtracted from downstream flow before the BFI4 computer program was used to estimate streambed seepage at Concordia, Kansas.
The relatively small potential errors associated with the canal return flow, surface-water diversions, and evaporation components are from several sources. Canal return flow may have been underestimated because the assumption was made that all canal return flow from KB ID was measured; however, some canal return flow probably drained into tributaries in the ungaged part of the study area where it was neither measured nor included in the estimates of tributary flow. This may account, in part, for the underestimate of downstream flow during the critical irrigation period (table 3, fig. 9B-D) .
Errors in estimates of surface-water diversions may exist because they were based on data from annual water-use reports completed and returned to DWR by users and because monthly surface-water diversions were assumed to occur in the same monthly-to-annual proportions as deliveries made by KB ID. This assumption may have resulted in underestimation of the surface-water diversion component during the months KB ID does not allow irrigation (October-May) and overestimation during those months KB ID allowed irrigation (June-September), especially during the extreme low-flow period when KB ID had to restrict the amount of water available for irrigation. The estimates of evaporation used in this study may have errors associated with them primarily because pan evaporation typically was not measured during November through March and because an estimated constant width of the Republican River was used. The constant river width probably resulted in the evaporation component being overestimated during the critical irrigation and lowest flow periods when this component represented substantial removals from the water-budget estimates.
SUMMARY
Kansas, Nebraska, and Colorado formed the Republican River Compact in 1942 to allocate the water in the Republican River Basin among the three States. The regulation of the Republican River, which largely began in the 1950's, has decreased average streamflow at the gaging station near Hardy, Nebraska, reduced the frequency of flooding, and provided water for irrigation. Kansas Bostwick Irrigation District, which began full operation in 1958, uses water released from Harlan County Dam for irrigation; the canal return flow contributes to increased streamflow in the Republican River during all or part of the irrigation season (June through September).
The greatly increased water use in the basin, which began in the 1950's, has caused concern by the State of Kansas regarding the compliance of the compact conditions by Nebraska at the State line, the maintenance of streamflow greater than the MDS at Concordia, Kansas, and the ensurance of an adequate water supply in Milford Lake to fulfill the needs of downstream users. To help address these regional concerns, this report presents the results of a 4-year study by the USGS, in cooperation with the Kansas Water Office and funded in part by the Kansas State Water Plan Fund, to quantify the effects of major water-budget components on streamflow in the Republican River from near Hardy, Nebraska, to Concordia, Kansas, for October 1980 through September 1995.
A mass-balance model was used to study the effects of major water-budget components on stream-flow. Upstream flow into the study reach, tributary inflow, streambed seepage, evaporation, reservoir releases, irrigation canal return flow, and surfacewater diversions were considered major water-budget components for the model. Monthly water-budget estimates were compared to measured discharge of the Republican River at Concordia during four streamflow-class periods high-flow, normal-flow, low-flow, and extreme low-flow conditions to quantify how well the water-budget estimates matched measured flows. The proportion each major component contributed to the water-budget estimates during these four streamflow-class periods was determined.
The components of streamflow that are less affected by human activity within the study area (upstream flow, tributary flow, streambed seepage, and evaporation) typically contributed the largest part of the water-budget estimates averaging about 94 percent of the monthly water-budget estimates for water years 1981-95. This combined percentage was relatively constant, ranging from about 91 percent during the high-flow period to about 101 percent during the extreme low-flow period. Upstream flow was the largest contributor to water-budget estimates, and its relative contribution during water years 1981-95 tended to increase during lower flow periods. The importance of tributary flow tended to increase as streamflow increased, but it may become insignificant during a drought. Streambed seepage generally was positive, indicating that the Republican River is typically a gaining stream. Streambed seepage typically increased in importance as streamflow decreased; however, during periods of extreme low flow, it may become negative, indicating that the river may become a losing stream. Evaporation from the Republican River, while commonly representing less than 1 percent of the water budget, can become important during periods of drought.
Components of streamflow that are more affected by human activity within the study area (reservoir releases, canal return flow, and surface-water diversions) collectively were generally a small proportion of the water-budget estimates, averaging about 6 percent when combined for water years 1981-95, and generally resulted in a small net increase in the amount of water in the water budget. These streamflow components typically do not occur during all months of any year. Individually, components that are more affected by human activity can become important, especially during the irrigation season during periods of extreme low flow. During those periods, they collectively may contribute a substantial percentage of the water-budget estimate, or collectively they may result in a loss of streamflow.
Reservoir releases generally increase as streamflow increases but typically are unimportant during drought periods because they are zero. Canal return flow typically occurs only during the months of June through September; during those months in which canal return flow occurs, its importance increases as streamflow decreases. Surface-water diversions tend to increase as streamflow decreases and may exceed the sum of reservoir releases and canal return flow during the irrigation season during extreme low-flow periods, resulting in a loss of streamflow from the components that are more affected by human activity.
Downstream flow provides a measure of how well the water-budget estimates compared to measured streamflow at Concordia, Kansas. The water-budget estimate was about 110 percent of downstream flow for the entire study period, indicating that the water budget tended to overestimate measured downstream flow by an average of about 10 percent. Comparison of the monthly water-budget estimates with downstream flow resulted in a strong correlation, indicating that the water-budget estimates are a good indicator of downstream flow.
The largest potential sources of error in the water budget are the streambed seepage and tributary flow components. The streambed seepage component probably was overestimated part of the time because the hydrograph-separation techniques used in the BFI4 computer program include any regulated contributions that continue for longer than the minimum increment test interval (7 days for this study) as part of the streamflow from which the streambed seepage is estimated. The tributary flow component probably was overestimated for the 42 to 70 percent of the study area that was ungaged during all or part of water years 1981-95 because it was based on gaged streamflow from tributaries that generally are larger than those in the ungaged part of the study area. Even measured streamflow can be expected to contain errors of 5 to 8 percent.
The rest of the water-budget components probably have smaller errors associated with them. For example, a small amount of error in the water budget may be due to the use of 10 ft3/s average daily flow as the delineation between natural streamflow in White Rock Creek and reservoir releases from Lovewell Reservoir.
The canal return flow component, although it was based on measured monthly values, may have been underestimated because some return flow from KB ID may have remained unmeasured if it drained into ungaged tributaries instead of the KB ID system of canals. It is likely that some small errors exist that are associated with the surface-water diversion component because the monthly estimates of this component were based on annual data reported to DWR by the users. Evaporation may have been underestimated part of the time because evaporation typically was not recorded during November through March and the width of the Republican River was estimated as a single value of 150 ft; however, evaporation may have been overestimated during extreme low-flow periods when the width of the river may have been less than 150ft. Table 5 . Monthly, monthly average for water years, and average monthly water-budget estimates of components of flow and of streamflow in the Republican River from near Hardy, Nebraska, to Concordia, Kansas, compared to measured downstream flow, minimum desirable streamflow, and precipitation at Concordia, Kansas, October 1980 -September 1995 Table 5 . Monthly, monthly average for water years, and average monthly water-budget estimates of components of flow and of streamflow in the Republican River from near Hardy, Nebraska, to Concordia, Kansas, compared to measured downstream flow, minimum desirable streamflow, and precipitation at Concordia, Kansas, October 1980 -September 1995 Table 5 . Monthly, monthly average for water years, and average monthly water-budget estimates of components of flow and of streamflow in the Republican River from near Hardy, Nebraska, to Concordia, Kansas, compared to measured downstream flow, minimum desirable streamflow, and precipitation at Concordia, Kansas, October 1980 -September 1995 'Measured streamflow in Republican River near Hardy, Nebraska, after adjusting 1 day for traveltime to Concordia, Kansas. Streamflow data from U.S. Geological Survey, Lawrence, Kansas.
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